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Abstract 

This paper considers the Free Differential Algebra and rheonomic parametrization 
of type IIA Supergravity, extended to include the BRS differential and the ghosts. We 
consider not only the ghosts A's of super symmetry but also the ghosts corresponding 
to gauge and Lorentz transformations. In this way we can derive not only the BRS 
transformations of fields and ghosts but also the standard pure spinor constraints on A's. 
Moreover the formalism allows to derive the action for the pure spinor formulation of type 
IIA superstrings in a general background, recovering the action first obtained by Berkovits 
and Howe. 
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1 Introduction 



The pure spinor formulation of superstrings [1] is a very powerful method to provide a covariant 
quantization of superstring theories in flat superspace [2] - [5] or in special backgrounds like for 
instance AdS 5 x S 5 [6] , but it is also important to describe superstrings in general backgrounds 
[7]- [12], especially in presence of RR fluxes. 

The pure spinor formulation of cr-models to lowest order in a' has been developed some time 
ago in [7], both for heterotic and type II superstrings (for heterotic strings see also [8]; for first 
order a' corrections in the heterotic case, at the cohomological level, see [9].) The method of [7] 
starts by writing the more general action invariant under worldsheet conformal transformations 
and then derives the constraints of the background superfields by requiring nilpotence of the 
BRST charge and holomorphicity of the BRST currents (or equivalently invariance of the action 
under the BRST charge [10]). 

Recently D'Auria, Grassi, Fre' and Trigiante [12], working in the case of type IIA 2 super- 
string, have proposed an alternative method that reverses this procedure: they start from the 
geometrical formulation of type IIA supergravity and by generalizing a procedure [18] , [19] well 
known for Yang-Mills theories, to which we shall refer as the method of the Extended (Free) 
Differential Algebra, they derive the constraints for the ghosts and the BRST invariant cr-model 
action. However the constraints that they obtain are not standard. Moreover these constraints, 
even if imply for the ghosts the same number of d.o.f.'s of the standard constraints, as they 
argue, are quite involved and lead to a complicated action. 

In this paper we present a variant of the approach of [12] for type IIA a-models that instead 
leads to the standard constraints on pure spinors and to the pure spinor action of [7]. The type 
IIB case presumably can be treated in a similar way and hopefully will be presented elsewhere. 

The paper is organized as follows. Section II deals with the geometrical description of type 
IIA supergravity. In particular, after fixing notation, we present the supergravity constraints to 
be used in the next sections. For that, we adopt the parametrization of the curvatures derived 
in [12], [16]. In Section III we explain the approach of the Extended Differential Algebra and 
we derive the BRST algebra and the standard constraints on pure spinors. In Section IV we 
obtain the pure spinor action. The derivation of a property needed to assure the consistency 
of this action is given in the Appendix. 

2 Review of the geometrical description of D=10, type 
IIA Supergravity 

The geometrical formulation of D=10, type IIA SUGRA involves the following objects: 

the vector-like and spinor-like supervielbeins E a = dZ M E M a {Z) , = dZ M E LM a {Z) , E% = 

dZ M E RM a (Z) which are one-superforms, the Lorentz-group one-superform connection Vt ab (Z)\ 

2 A reason to deal with the type IIA case is the recent interest on type IIA superstings in the AdSi x CP 3 
background [13] - [17]. 



1 



the NS-NS two-superform B 2 {Z)\ the dilaton superfield 4>{Z)\ the R-R one-superform C±(Z) and 
3-superform and C 3 (Z). The indices a = 0, 1, ...9, a — 1, ...16 and ct = 1, 16), are respectively 
the tangent space vector and spinor indices of D = 10 type IIA superspace. The spinor indices 
are those of the Weyl-Majorana spinors with opposite chirality. Z M = (X m , 0%, 6^) are the 
superspace coordinates 3 . 

Sometimes we shall use the notation that an upper (lower) index a is written as a lower 
(upper) index a so that, for instance, 

We shall also write E- = (Ef, E%) and E A = (E a , E-) . 

The curvatures of the superforms defined above and of the dilaton are: 
the torsions 

T a = AE a = dE a - E b tt b a (2.1 

Tl = AE^ = dE L a - E^tt^ (2.2 

T| = AE% = dE R & - E R ?nf (2.3 

R ab = dQ ab - Q a c Q cb (2.4 

H 3 = dB 2 , (2.5 

G 2 = dd (2.6 
G 4 = dC 3 + B 2 dd. (2.7 

F l = d<f>. (2.8 

A denotes the Lorentz covariant differential and Sip- = \Q, ab (T ab )p- = (£lp a , Slp a ). The torsions 
and curvatures (2.1)-(2.7) satisfy the free differential algebra of Bianchi identities 

AT a = -E b R b a (2.9 



the Lorentz curvature 



the NS-NS curvature 



the R-R curvatures 



and 



3 Lctters from the middle of the alphabet denote curved indices, those from the begin of the alphabet denote 
tangent space, Lorentz indices. Round brackets (square brackets) will denote symmctrization (antisymmctriza- 
tion) with V^ A V B ^ = \{V A V B - V B V A ) and V^ A V B ^ = \{V A V B + V B V A ). 
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where 



Moreover 



AT- = —E^Rp- (2.10) 



AR ab = (2.11) 
dH 3 = (2.12) 
dG 2 = (2.13) 

dG 4 = H 3 G 2 (2.14) 

(2.11) is automatically satisfied if (2.9), (2.10) hold (Dragon theorem [20]). 

The field equations are obtained from the Bianchi identities after imposing suitable con- 
straints on the torsions and curvatures [21], [22]. There is some freedom in the choice of the 
constraints, related to possible field redefinitions of supervielbeins and gauge superforms. We 
will adopt the parametrization of torsions and curvatures given in [12], [16] that, in our notation, 
results in the following solution of the supergravity constraints (rheonomic parametrization): 

T a = ^(E L T a E L ) + ^(E R T a E R ) (2.15) 

T L a = ][E L a {E L D R 4>) + l -{T ab ) a pE L ^{D R( t>T ab E L )] - ^E c (T ab ) a ^ H cab 

+E c (MY c E R ) a + E b E c T Lbc a (2.16) 

Tr = \[E R & {E R D L( f>) + ^{T ab )%E R P{D L ^T ab E R )} + ^E c (T ab f $ Ej H cab 

-E c (E L Y c Mf + E b E c T Rbc & (2.17) 
R ab = ^[(E L T C E L ) - (E R T c E R )]H cab + 2(E L T^MT b ^E R ) 

+E%(E L Q Rc ab ) + (E R Q Lc ab )) + E c E d R cd ah (2.18) 

H 3 = -E a [(E L T a E L ) - (E R r a E R )} + E a E b E c H abc (2.19) 



3 



G 2 = -e\E R E L ) - e^E a [(E L T a D L( p) - {E R T a D R <P)\ + E a E b G ab (2.20) 
G 4 = et>E a E b (E L r ab E R ) + l -e*E a E b E c {{D L 4>T abc E L ) 

+ {D R ct>T ahc E R )) + E a E b E c E d G abcd (2.21) 

F 1 = d<j> = EID^ + E%D L& <P + E a D a (f) (2.22) 



where 



®R/Lc\ab — —((r a T R /Lbc) + (XbT R /Lca) ~ (T C T R / Lab )) 

and M a(3 = M"^ is a bispinor defined as 

M = e*P = e^[P abcd r abcd + P a5 r ab ] (2.23) 
with ^ 

Pabcd = -T^[e _0 G'a6cd + T7T (D L (j)T abcd D R (j))} 

lb 12 

P a6 = -^[e^GU + ^01^/^0)] 

Z)q ee (D Ra , D L p) and _D a are the tangent space components of the differential d. 

For further purposes it is convenient to display the (0,2) sectors of eqs. (2.16), (2.17) (i.e. 
the sectors that involve products of two spinor-like superviewlbeins) by writing 

E^EJX^ = - A [E L a {E L D R <j>) + l -(T ab TpE L P{D R <pT ab E L )} 

E^E^X^ ee -^[E R & {E R D L ^) + l -{T ab fpE R P{D L <l>T ab E R )] (2.24) 

and noting, using the Fierz identities, that the contributions of these sectors can be rewritten 

as 

E^EJXp* ee -E L a {E L D R <t>) + ^(E L T a E L )(T a D R cf>) a 

EjE R ^X h & ee -E R & (E R D L( p) + l -(E R T a E R )(T a D L <pf (2.25) 
To conclude this section let us recall some identities, which will be useful later 

A a A^ = -ApA^ = -^(T c MT c )p & (2.26) 

A [a A^]0 - A a <f>Ap<f> + \{T abc ) aP H abc = 

A [& A^ - A & (f)Ap(f) - \(T abc ) &$ H abc = (2.27) 

These identites follow by considering the sector (0,3) of the Bianchi identity (2.10) (that is the 
terms proportial to the product of three E— ), using (2.18) and computing AT- using (2.16), 
(2.17). A„ are the spinor-like tangent space components of the covariant diferential A. 
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3 BRS Algebra and Pure Spinors Constraints 



As already noted, the method of the Extended Differential Algebra proposed in [12] to derive 
BRST transformations and pure spinor constraints is a generalization of a procedure [18], 
[19] well known for Yang-Mills theories, which received a large number of applications, as for 
instance in the descent equations for the consistent anomalies in gauge theories [23], [24], [25] 
or in some treatments of topological twisted theories [26] , [27] . 

Let us describe the case of Yang-Mills theory to illustrate the method. The Yang-Mills 
algebra involves the connection A e LieG valued in the Lie algebra of the gauge group G, with 
curvature F = dA + AA and Bianchi identity AF = dF + aF — FA = 0. The extended algebra 
is obtained by replacing d with d — d + S and A with A = A + c where S is the BRS differential 
and c G LieG is the ghost. The extended curvature and the extended Bianchi indetities are 
defined by the same algebraic relations as for the unextended ones. The extended curvature is 
constrained to be equal to the initial one 

F = dA + AA = F (3.1) 

so that, expanding in ghost number, eq.(3.1) is an identity in the sector with ghost number 
n gh — 0. In the sector with n g h = 1 one has SA = -de — cA — Ac = —Ac, the BRS 
transformation of A and in the sector with n g h = 2 one has Sc = —cc, the BRS transformation 
of the ghost c. 

Stora [18] calls eq. (3.1) the "Russian formula" ( see also [19] for a "superspace" derivation of 
this formula). 

This approach can be generalized to supergravity theories. The method consists of extending 
the (Free) Differential Algebra of supergravity by replacing the differential d with d + S where 
S is the (full) BRST differential and by adding to each gauge (super)-form an associated ghost. 
Since this extension is purely algebraic the definitions of torsions and curvatures and their 
parametrizations remain the same for the extended objects. 

In [12] all ghosts related to bosonic gauge symmetries are set to zero (so that only the ghosts 
A—, related to supersymmetry, are kept), resulting in a constrained BRST algebra. 

Our proposal differs from that of [12] in two respects. 

The first difference is that we will keep non-zero not only the ghosts A- related to super- 
symmetry but also the ghosts <7 , a 2 and vp ab = ip^ related to the gauge transformations 
of Ci, B 2 , C 3 and to Lorentz transformations respectively. 

However we shall maintain that the ghosts A a , related to translations, vanish. The rea- 
son for taking A a = is that this condition is nothing else but the main constraint of the 
superembedding approach [28], [29]. The superembedding approach provides an alternatrive 
description of the Green-Schwarz approach where the k-symmetry of the Green-Schwarz for- 
mulation is reinterpreted as worldsheet supersymmetry. Its main feature is the requirment 
that the components of the pull-back of the supervielbeins E a along the odd dimensions of the 
superworldsheet, vanish. On the other hand, from the point of view of superembedding , the 
ghosts \ A associated to the supervielbeins E A can be identified with the pull-back of E A along 
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a Grassmann-odd dimension, parametrized by 77, of the super worldsheet, \ A = d v Z M E M A [29], 
so that A a = d v Z M E M a = is just the main requirement of the superembedding approach. 

The second difference is motivated by the fact that the BRST transformations relevant for 
the pure spinor approach are those related to the ghosts A-. Therefore we split the full BRST 
differential S as 

S = s + 5 

where s = sl + sr is the BRST differential related to the ghosts A- = (Al, \r) and S generates 
the BRST Lorentz and gauge transformations with gauge parameters given by the corresponding 
ghosts. 

Now we can define the extended (hatted) quantities: 

E a = E a (3.2) 
E L a = E L a + \ L a 

E R & = E R & + A/ (3.3) 

As for the extension of superforms other that E A (which can be expressed on the basis of the 
supervielbeins E A ) there are two possibilities: or one extends the supervielbeins themselves 
before adding the ghosts or one keeps the supervielbeins unextended. Therefore one has 

Q ab = E c Q c ab + ^ ab = M ab + ip ab (3.4) 
B 2 = E A E B B BA + a 1 = B 2 + d l (3.5) 
C 1 = E A C A + a = d + a (3.6) 

C 3 = E A E B E c Ccba + <j 2 = C% + a 2 (3.7) 

Of course there is a relation between the ghosts and the ghosts tilded, that follow from (3.4)- 
(3.7), given (3.3). Indeed 

^ab = ^ab + ^^ab^ 

a 1 = a 1 + i x B 2 + ^a 2 # 2 , (3.8) 

a 2 = a 2 + i x C 3 + U X 2 C 3 + U X 3 C 3 . (3.9) 
i x acting on a superform denotes the contraction of this superform with A-. 



6 



One should notice that, since B 2 and C3 are superforms of degree higher than one, o\ and a 2 
contain in principle ghosts of ghosts that is U\ — a\ + <7q and o 2 = o\ + a\ + o\ or U\ = a\ + a 2 
and b 2 = a\ + a\ + 5"q where of and of have ghost number p and form degree i. The definition 
of of is obvious from (3.8), (3.9) but notice in particular that a 2 receives a contribution also 
from i\U\ and d\ and o\ from i\o 2 and \i\<J2 ■ 

Using these two options, we can define in the two ways the BRST differential 

d = d + s + 5 = d + S + 5. (3.10) 

In the first option realized by 8, one assumes that S induces infinitesimal Lorentz transformations 
with Lorentz parameter ip ab acting on Lorentz tensors, Lorentz connections and relative ghosts 
and gauge transformations with parameters <7j, i =( 0,1,2), acting on Ci, B 2 and C 3 and relative 
ghosts. In particolar 

6d + da = = 5B 2 + da\ = 0, 
5C 3 + da\ + .62^0-0 + da\d = 0, 
5Q ab + A^j ab = 0. 

Moreover 

5a\ + dal = = Sal + rfo "i> 
Sal + d(TQ=0 = 5ctq 

and 

ty ab = ip a c ilj cb . 

Notice that s + 5 is nilpotent and anticommutes with the differential d. Moreover 5 2 = and 
d8 + 5d = = s5 + 5s. In this case the BRST differential s is nilpotent. However, just to 
assure nilpotency, s, acting on non invariant quantities, induces Lorentz transformations with 
parameter i\Q ab and gauge transformations with parameters i\Ci, i\B 2 and i\C 3 . 
In the second option realized by 5, rewriting 

s+5 = s+5 

as anticipated in (3.10), one assumes that 5 acts as 5 but with the Lorentz and gauge param- 
eters ip ab and <7j replaced by ip ab and 5"j. In this case the non covariant Lorentz and gauge 
transformations induced by s are absorbed by 5 and s is the covariant BRST differential. Now 
S does not anticommute with s and therefore s is no longer nilpotent. For instance, acting on 
the Lorentz vector V a 

s 2 V a = --V b i x 2 R b a (3.11) 
2 

However, acting on Lorentz scalar and gauge invariant superfields, s coincides with s and is 
nilpotent. 

Since s is always nilpotent, the nilpotent BRST charge Q, relevant to the pure spinor 
approach, generates the transformations induced by s (not s). 
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Now one can define the torsions and curvatures of the hatted quantities as done in (2.9)- 
(2.15) for the unhatted ones. Since the hatted superforms have the same algebraic properties 
as the unhatted ones, they obey the same Bianchi identities and can be subject to the same 
rheonomic parametrization, namely 

f a = AE a = ^(E L T a E L ) + ^(ErTEr) (3.12) 

H 3 = dB 2 = -E a [(E L T a E L ) - (E R T a E R )] + E a E b E c H abc (3.13) 

ft = AE1 = l -[Et{E L D R( p) + l -{T ah E L T{D R <pT ab E L )} - ^E c (T ab E L ) a H cab 

+E c (MT c E R ) a + E b E c T Lbc a (3.14) 

f* = AE% = h,E & R {E R D L <t>) + l -{T ab E R f{D L <pY ab E R )] + ^E%T ab E R fH cab 

-E\E L T c Mf + E b E c T Rbc & (3.15) 
R ab = dtt ab - tt a c tt cb = -[{E L T C E L ) - (E R T c E R )]H cah + 2(E L T [a MT b] E R ) 

+E c ((E L e Lc ab ) + (E R e Rc ab )) + E c E d R cd ab (3.16) 

G 2 = dC x = -e*(E R E L ) - e*E a [(E L r a D L 0) - (E R r a D R <f>)] + E a E b G ab (3.17) 

G 4 = dC 3 + B 2 dC x = e^ a £ 6 (£ L r afe £ R ) 

+i e ^ a E 6 J E c (( J D L 0r af)C E L ) + {D R <f>T abc E R )) + E a E b E c E d G abcd (3.18) 

In the sector with zero ghost number the equations (3.12)-(3.18) reproduce the equations (2.9)- 
(2.15). 

In the sector with ghost number one, following the second option, and noticing that in the 
left hand sides of eqs. (3.12)-(3.18) the action of 8 cancels the tilded ghosts, these equations 
give 

sE a = {\ L T a E L ) + (X R T a E R ) (3.19) 
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sB 2 = -2E a [(X L T a E L ) - (\ R T a E R )} 



(3.20) 



§E L a = -AX L a + l -[\ L a {E L D R <t>) + ^{T ab \ L )'\D R <pY ab E L )} 

+\[E L a (\ L D R <j>) + \{V ab E L ) a {D R ct>Y ab \ L )] - *-E c H cab (T ab )%X L ? + (ME c T c \ R ) a (3.21) 
~sE R & = -AX R & + ^[\ R & (E R D R (f>) + ^{T ah \ R ) & {D R 4>T ab E R )\ 

+^[E R & (X R D R <f ) ) + ^{Y ab E R f{D R <t>T ab X R )\ + ^E c H cab (r ab f $ \ R P - {\ L E c T c Mf (3.22) 
sQ ab = 3[(E L T C X L ) - (E R T c X R )]H cab + 2{X L T^MT b ^E R ) + 2{E L T [a MT b ^X R ) 



-E c [(\ L e Lc ab ) + (\ R e Rc ab )] (3.23) 

sd = -e*[(A L S fl ) + (A^ L )] - e"^ a [(A L r aJ D L 0) - (A^Z^)] (3.24) 
sC 3 = -B 2 ~sC x + ^^[(A^^) + (E L T ab X R )] 

- l -E a E b E c e%\ L T abc D L( t ) ) + (A fi r a6cJ D R 0)] (3.25) 



Equations (3.19)-(3.25) are the BRST transformations of super vielbeins, Lorentz connection 
and gauge forms, derived as in [12]. 

The sector with ghost number two is the most interesting for our purposes since it gives the 
BRST trasformations of the ghosts and the ghost constraints. 

Before discussing this sector it is convenient to do the mild assumption that 

Sa\ = (3.26) 

Later on we will see that this assumption is quite natural and almost implied by the formalism. 
Since A a = 0, from eq. (3.12) one has 

= (A L r a A L ) + (X R F a X R ) (3.27) 

With the assumption (3.26), eq. (3.13) gives 

= -E a [(X L T a X L ) - (X R r a X R )} (3.28) 

Since the vector supervielbeins are generic, equations (3.27), (3.28) imply the pure spinor 
constraints 

(X L T a X L ) = = (X R T a X R ) (3.29) 
9 



Using the extended version of the definition (2.24), at the level of n gh = 2, eqs. (3.14) and 
(3.15) imply 

SX L a = X L p X^X^ a 

~sX r & = X R h R "'X h & (3.30) 
or, taking into account eqs. (2.25) and (3.29), 

sX L a = -X L a (X L D R <j)) 

sX R & = -X R & {X R D L <t>) (3.31) 
Finally, from (3. 16), (3. 17) and (3.18) one has 

~sr b = (XlT^MT^Xr) + ^[(A L r c A L ) - (X R T c X R )}H cab (3.32) 

5a = -e^X R X L ) (3.33) 

sa\ + °\sCi + ~°IG 2 = e^[E a E b (X L T ab X R ) + B 2 (X L X R )] (3.34) 

In [12] the constraints for the A's are given by (3.27), (3.28) with E a restricted to the world 
sheet of the string together with two further constraints given by the r.h.s. of equations (3.33), 
(3.34). In our approach, due to the presence of the ghosts a , a 2 and ip ab , these last constraints 
are avoided as well as the constraint given by the r.h.s. of (3.32) in the absence of the ghost 

Now let us show that the assumption (3.26) is (almost) implied by the extended Free Dif- 
ferential Algebra under consideration. 

Without the assumption (3.26), equation (3.28) becomes 

Sal = -E a i(X L T a X L ) - (X R T a X R )] (3.35) 

Now consider the extended Bianchi identity 

dG^ = H 3 G 2 

which is indeed automatically satisfied given (3.13), (3.17), (3.18). In the sector of ghost number 
four it gives 

e*E a [(X L r b X L ) + (X R T b X R )](X L T ab X R ) = e*E a [(X L T a X L ) - (X R T a X R )](X L X R ) (3.36) 
Then, from (3.27) and assuming 

(X L X R ) ^ 0, (3.37) 
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equations (3.28) and (3.26) follow. The other possible solution of (3.36), (Xl^r) = 0, is the 
one relevant to the D=ll, supermembrane [30], [31]. Equation (3.36) is quite obvious since it 
is nothing else but the Fierz identity in eleven dimensions 

(r— )(ap(^b) 1 8) = o, 

reduced to 10 dimensions and saturated with A-, A-, A^, A- 

Given the equations (3.19)-(3.34) one should verify the nilpotency of the BRST charge Q 
acting on these superforms and ghosts. This can be done systematically starting from the 
relevant Bianchi identities but in the most of the cases it is very easy to perform the checks 
directly. 

We conclude this section by deriving a useful property of the left handed and right handed 
BRS differential of the bispinor P a/3 . Using (3.28), equation (3.32) can be written as (s+5)ip ab = 
^ a c 4> cb + (X L T [a MT b ^X R ). Then the nilpotency of (s + 5) = (s + 5) yields the identity 

5(A L r[ a e^pr fe U R ) = 

where e^P a(3 is defined in (2.23). Taking into account (3.31), this equation gives 

(\ L T^[(\ L a A a P + \ R & A & P)]T b h R ) = (3.38) 
Equation (3.38) also follows from the Bianchi identity 

AR ab = 

in the sector with ghost number three. 
If one defines 

s L P& = X L a A a P^ = X L a C La ^ 

s R P& = X R & A & P^ = X R & C m ^ (3.39) 



equation (3.38) implies 



CnJ* = SjCf + \{T*)JCbJ (3.40) 
Now note that a generic matrix can be decomposed as follows: 

If the term Y^ cd is absent we shall say that Y a @ is Lorentz and Weyl valued or in short LW- 
valued . The same is valid for the matrix Y$P . For instance, according to (3.39), Cl^ 1 and 
Cr&^ are LW-valued with respect to the indices a, (3 and a, 7 respectively. 

This result will be important in the next section to assure the consistency of the pure spinor 
action. 
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4 Pure Spinor Action 



In this section we derive the pure spinor action, in two different ways that will be described in 
the subsections 4.1 and 4.2 respectively. As a result we recover the action first obtained in [7]. 

Before doing that, some preliminary considerations are in order. The ghosts cr's and ip do 
not appear in the action, while one must add to the superspace coordinates Z M and the ghosts 
A- the antighosts 

with ghost number n g = —1, which are the conjugate momenta of A- , and the fields 

da = (dfia, dLa) 

that involve the conjugate momenta of Z M and are essentially the BRS partners of ov From 
the worldsheet point of view, u R , d R and u>l, d^ are right-handed and left-handed chiral fields 
respectively. 

Since, as a consequence of the pure spinor constraints, A- contains 11 + 11 degree of freedom, 
also ujg_ should contain 11 + 11 independent components. This is realized by assuming that the 
pure spinor action is invariant under the cu-gauge symmetry 

5^u R/L = A a R/L (T a \ L/R ) (4.1) 

where A. R , L are gauge parameters. 

The da appear in the nilpotent BRS charge 4 

Q = Ql + Q R = fX-da 

that is 

Q L = f(X L d R ), 
Qr = <f(^Rd L )- 

under which the action must be invariant. In order to specify Q and prove its nilpotency 
one needs the expression for da- As has already been noted, Q generates the transformations 
induced by the BRS differential s and a suggestion to obtain an ansatz for da comes from the 
action of s on superfields and ghosts. In particular from (3.30) one has 

= + Xpf] (4.2) 

Since the BRS trasformations of A- do not vanish, da must contain terms linear in u in order 
to reproduce (4.2). Therefore a general form of da is expected to be 

d Ra = df a + (n a f + Xa^UR^ + ft a/§ V-yA/ 

4 Here and in the following § denotes / da + or J da- according to the case where a± are worldsheet light-cone 
coordinates. 
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where g^ * 1 does not depend on cu and A and fi^g- are the tangent space spinorial components of 
the Lorentz connection. There is an ambiguity in the form of X^- since (4.2) specify only the 
component of this superfield which is symmetric in j3, 7 and modulo the pure spinor constraints. 
A convenient choice of Xgg- = (X a ^ ', X & ^) that reproduces (4.2) (i.e (3.31)) and is LW-valued 
in j3, 7 is 

X af P = ^[SfD^t + l -{T ab )^{T ah D R 4>) a ] 

-V = + ^(r afe )/(r afe )/^0] (4.3) 

acting on superfields induces the tangent space derivatives Da and 

{Q, (4?l J = -{E a T T a \ L/R )a + 2\P(Q m l + X^d, (4.4) 

where E± are the pullbacks of the vector- like vielbeins E a on the worldsheet. 
With this expression for d a the BRS charge is 



and 



q = j> \^[df + (n^i + x^-)u x >l\ 

Q 2 = - f \*\£.\lR 3§1 &ws 



where RloP and Rr^ are the curvatures of the Lorentz connections flLa 13 = + ET L X 10 P 
and VLrJ = SlJ + E%X^J 

By an explicit computation of the l.h.s. of this equation and using the identities (2.26) 
and (2.27) one can verify that Q is indeed nilpotent. From the expression for Q one can also 
compute the BRS transformations of w 2 and da 

SUa = -da - \-{Slpar + Xpa 1 )^ (4.5) 

sda = -{E%r a )^_\t + 2>lR 3 ^-Xlw s _ + + XpJ-)d x (4.6) 

The covariant form of equation (4.5) is 

su^ = -dg_ - X-Xpar^jj (4.7) 

that is 



SR/L^R/La = 



13 



Eq. (4.7) contains a term proportional to (uiR/iXabcd^L/R) which is non invariant under (4.1). 
It is useful to remark that in the covariant BRS transformation of e^ojR/L this ill-behaved term 
is removed. Indeed, using the identity 

= y^/M) - l^ ab )A^ ab \) + ^(T abc %^uT abcd \)], 

one has 

^L/RXpgr^R/Lj + (^L/R^-R/L<P)^R/La = ^I/R^Pa^R/Ly 

where 

V = \[^D a <f> - \{T ab )f{T ab D L <P) & ] = Y & £ (4.8) 
are LW-valued superfields with respect to 7 and /3,7 respectively and 

SL/Rie^UJR/La) = -d R/L a + Xj / R Ur/ L-fYpgr (4.9) 

It is instructive to compute the action of Q 2 on A-, dg_ and 

For A one can confirm that Q applied to A- is nilpotent since s 2 A- = X-X^-X^-R^- = 0. 

At first sight, this is not true for dg_ since taking the BRST differential of (4.6), after some 
algebra, one obtains 

s 2 d R/L a = -(T a X L/R )^X R/L T a )^ R/L ± {s L/R {M R/L u R/L f-} (4.10) 

where Ml = M, M R is the transpose of M and M is defined in (2.23). However, if we assume 
that E tR / l satisfy the field equations 

{E ±R/L r±s L/R (Mfj L u R/L§ ) = 0, (4.11) 

s 2 dR/L vanishes on shell. Afterward we shall prove that these field equations are indeed satisfied 
as variations of the pure spinor action with respect to da- 

However s 2 cu does not vanish since from (4.5) and (4.6) one has 

s 2 u R/L = (E T a T a X L/R ) (4.12) 

This failure of nilpotency is a consequence of the w-gauge transformation (4.1). Indeed s 2 , 
acting on u, vanishes only modulo this gauge transformation. 

Therefore eq (4.12) is consistent and one can proceed to derive the pure spinor action living 
with eq. (4.12). This is done in subsection 4.1 following [12] 

However, even if (4.12) is consistent, one could be disappointed by the fact that the square 
of a nilpotent charge gives a non vanishing result acting on some object. It is possible to avoid 
this result by fixing the cu-gauge symmetry and using the so called Y-formalism [29] , [32] - [35] . 
In this formalism one can construct the pure spinor action in a way which is more on line with 
the original proposal considered in [8] for the heterotic string.This is done in subsection 4.2. 
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4.1 Derivation of the pure spinor action 

The general method to construct pure spinor superstring actions in generic backgrounds is the 
following. One starts from the Green-Schwarz action Iqs in conformal gauge, computes its BRS 
variation and then adds a "gauge fixing" action I g f given by the (left-handed and right-handed) 
BRS variation of a suitable "gauge fermion" ( a functional with ghost number n g — — 1) such 
that the total action is BRS invariant. 
Igf has to satisfy two conditions: 

i) Its BRS variation must cancel the variation of the Green-Schwarz term. 

ii) It must be invariant under the gauge transformations (4.1) i.e. its dependence on ou r /l 
should involve only the terms (uj r/l X l/r ), (uj R / L T ab \ L/R ) and {u R/L d\ L/R ) . 

The Green-Schwarz action is 

Ias = \f[E^.r hb E b _ + B + .] (4.13) 

where 5 + _ is the pullback of the NS-NS superform B 2 . 
The BRS variation of I GS is 



sIgs = J [{\ L E a Y a E +L ) + (X R E a + r a E_ R )} (4.14) 

A term which fulfils the condition i) is 

Igf = ~J s[{E +L u R ) + {E_ R u L )\ (4.15) 

Indeed, taking into account that s 2 is non vanishing only when acts on ool/r and using (4.12), 
one can see that slff cancels the variation of Iqs- However this term cannot be the whole 
story since when s R / L acts on E± L / R , the term 

Igf = ~ J [^ R ME a + T a \ R ) - (\ L E a _T a Mu L )] 

arises, which is incompatible with the condition ii). Therefore, following [12], we replace ijff 
with 

I 9 f = iff - iff = -j ME +L u R ) + s R (E_ R u L )\. 
I^f can be rewritten as 

if} = ~ j{s\-sl){u R Mu L ) (4.16) 
This expression suggests to add the term 

if} = 1/2 J {s L s R - s r s l ){u r Muj l ) = J s L s R {u R Mu L ) (4.17) 
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in order to cancel the variation of if} . As a result, the "gauge fixing" action is 

I gf = if} - if} + if} = - J \s l {E +l uj r ) + sr(E- R ujl)] + J s L s R (u R Mu L ) (4.18) 

This expression for the "gauge fixing" action has been proposed in [12] and shown to be BRS 
invai 
and 



invariant. In fact the variation of if} cancels the variation of the G-S action, as already noted, 



sl gf ~ sl af ■ 



Indeed the variation of if} is 



(2) 

and the variation of I j is 



slf} = j{s L s R -s R s 2 L ){u R {e*P)u L ) 

slf} = j (s 2 L s R + s R s L s R )(u R (e*P)u L ) 

Since (sls r + s r sl) always vanishes, the r.h.s.'s of these two equations are equal. 
Now let us compute I g f. 

Using (3.21), (3.22) and (4.5) one gets for if} - if} 

x tf - J 9f = J i( E +M + {E_ R d L ) + ( Wfl A?>A L ) + KA^Ar)] (4.19) 

where 

(A^X L/R )^ = - >&1 { L/R)f- - \^-{E L/R D L/R <P) (4.20) 
and fl(L/R)/3- is defined as 

%/«)/f = \(T ab )f(n ab + ±(E L/R r*D L/R <j>) =F 3E c H c ab ) (4.21) 

Note that the second term in the variation of ujl/r (see equations (4.5), (4.3) ) is essential 
for the consistency of the result since it cancels the terms ^/^\{ojr/lEl/r){Xl/rDl/r4 > ) + 
l/2(u R / L r ab E L / R )(D L / R (f)r ab \ L / R )] coming from the variation ofE L/R (equations (3.21), (3.22)). 
In the absence of this term in the r.h.s. of (4.5) the result would be inconsistent with the con- 
dition ii). This is an important consistency check of the ansatz (4.3) for X^-. 

To compute if} it is convenient to use the first expression for if} in (4.17) to get 



r (2) 



= - / {s L {u R e^)Pe-' t> ~s R {u L e <t> )) - J (§ L (u;^)(§ R PK) - j {u R {s L P)~s R {u L e' t> )) 

+ 2~ l e *( WBa U?RS L ~~ S L S R )P aa )u L a) 
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+ 2 / (^[{sRSL^Ra + (s R s L (f))uj Ra )P aa uj L& - u Ra P aa \s L s R u L6l + (s L s R (f))uj L& )] (4.22) 

The terms involving s R /L§L/ R (p in the last integral arise to avoid double counting. 

The first three terms in the r.h.s. of (4.22) are consistent with the condition ii) since the 
monomials X^uip are saturated by LW-valued superfields. In fact 

J$ = j (~s L (u R e*)Pe*~s R (u L e*)) = J (d Ra - \ L ^Rr 1 Y^)e*P a& {d L& - x/u^Y^) (4.23) 
J$ = J (s L (u R e*)(s R P)uj L ) = -(d Ra - \ L Pu Rl Y^)e*C R ^\ R Pu^ (4.24) 

and 

J$ = J (u R (s L P)s R (u L e*)) = -\ L ^ Ra e^C L r(d L& - XJu^Y^) (4.25) 
The last two integrals in (4.22), that is, 

1$ = \j e*(u Ra (Cs R ~s L - ~s L ~s R )P a& )uj L& ) (4.26) 

and 

I { g] = \J e%s R s L uj Ra + {s R ~s L (t>)uj Ra )P a& uj L& - u Ra P a& (§ L :s R u L& + {s L ~SR<l>)uLa)\ (4.27) 

are potentially dangerous since both give contributions that violate condition ii). Luckily 
these contributions cancel each other. This is proved in the Appendix where the LW-valued 
contributions of the last two integrals are computed. The result is 

7 i/ + J gf = j ^R^L^XJCJ^ + J e+u^Xfu^Cj* (4.28) 

where 

cj» = n a /-(A [r A f] p-)ry^ (4.29) 

and 

= e^^°\R c , p T P<* - K,;P Ti> + (T c PT c ) aa P T '}U^ (4.30) 

where 

tt /3t r /3r t ^ /-pabcd\ /3/t-i \ T 

J-J-ao- "a O a ^ ^ yL J a yi abcdja 

is the projector that projects on the LW-valued component of a superfield Y T a and hL^ is 
defined in a similar way in terms of the hatted quantities. 
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Adding to the Green-Schwarz action (4.13) the contributions of I g f which are given in (4.19), 
(4.23), (4.24), (4.25), and (4.28) one obtains the pure spinor action for type IIA superstring in 
a general background: 



I = J [\{E a + E_ a + 5 + _) + E% L d Ra + E & R d La 



+tu Ra (A^\ L r + u; La (A^X R f - d Ra M^d L ' p 



+d R ^C^%u La Xj + URpXle+Cffadisi - u Ra \lS a \sOO L ^ R } (4.31) 
where A^^* 1 are the pullbacks of the covariant differentials defined in (4.20), (4.21). C* 7 "^, 



C 7 "^ and SpJ are given by 

° $ - U R$ + r Yfa 

Cf a p = C L ^ + P^Y M a 

where P, C R ^, C L ^, Y^ & , Y^ a , and are defined in the equations (2.23), (3.39), 
(4.8), (4.29), (4.30) so that all the superfields in (4.31) are given explicitly in terms of the 
components of torsions and curvatures, or more specifically in terms of P, <f> and their (covariant) 
derivatives. 

The action is manifestly invariant under BRS transformations as well as under the gauge 
tranformation (4.1) of u . Moreover the field equations obtained from the action (4.31) varying 
da are 

E a +L = -e*(Pfd L$ - C°*i\%u L$ ) 

E-r = eHPffd^ - CW^ww) . (4.32) 

They are identical to equations (4.11) and assure the on shell nilpotency of s acting on d&- The 
action (4.31) is precisely the action first obtained in [7]. 

4.2 Alternative derivation of the action. The Y-formalism 

Y-formalism . 

If the equal time Poisson Brackets (ETPB's) among u and A are the canonical ones, the 
ETPB's among oj r /l and (Xl/r^Xl/r) do not vanish: 

M^R/La, (X(a') L/R T a X(a') L/R )} = 2(T a X L/R (a>))J(a> - a) (4.33) 
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The constraint (Xl/r^Xl/r) = generates the gauge transformation (4.1) of ujr/l, but in the 
pure spinor approach this constraint is assumed to hold in a strong sense and therefore equation 
(4.33) is unsatisfactory. This problem can be avoided [1], [8] by assuming the following ETPB 
among u and A: 

{w a ((7), AV)} = S(a - a')[5j- - Kj\ (4.34) 
where Kg_- = {Klc? , Km 13 ) are the projectors 

K L J = l -(T a X L ) a (Y R T a y 

KrsP = l -(T a X R ) & (Y L T a f (4.35) 



with 



so that 



Y, 



R/La 



R/La 



(Vr/lXl/r) 



{Yr/lXl/r) = 1. 

If one chooses Vr/l constant, Kj- breaks Lorentz invariance. Moreover it is singular at 
(V l /rX l/r ) = 0. 

In the case of IIA superstrings one can avoid the breaking of Lorentz invariance by choosing 

Yr/l = j^-y (4.36) 
[Aral) 

In the following we shall adopt this choice. With this choice, if one defines 

K R and K L are transposed to each other, and 

K% = (K R )%. 

Even if now the Lorentz invariance is preserved, K is still singular when {X r Xl) = 0. In any 
case these deseases - breaking of Lorentz invariance and/or singular nature of K - are innocuous 
since, as we shall see, any dependence of K will be absent in the final results. 
Gauge fixing. 

One can gauge fix the w-gauge symmetry (4.1) by requiring 

(cu R/L T a X R/L ) = 0. 
Using the projector K , this gauge fixing condition is equivalent to 

(Koo L ) = = (u R K) (4.37) 
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or 



ou Ra = u Rp {\ - Kf a u L a = (1 - K)%u L P (4.38) 
which are consistent with (4.34). Also notice that 

{K\ L T = = (X R K) a (4.39) 

and 



(A L r a (l - K)) a = = ((1 - K)Y a \ R Y (4.40) 

Equation (4.40), toghether with (4.38) implies that oj r /l have vanishing ETPB's with the con- 
straint (3.29). Moreover, since TtKr/l = 5, Kl and K R project on five-dimensional subspaces 
of the 16-dimensional spinorial spaces and therefore each of the ghosts A^, X R , oo R and has 
eleven components. The fields da can be splitted as 

d T Ra = (d R (l - K)) a 

d[ a = ((1 - K)d L ) a 
d Ra = (d R K) a 
di a = (Kd L ) a . 

Only d\i L appears in the BRS charge Q so that d R , L are the BRST partners of lor/l- With 
these definitions, the BRST transformations of w„, d^, d^ can be obtained by projecting (4.5) 
and (4.6) on the subspaces spanneds by the projectors K and (1 — K). In particular 

~sdia = -i(\ L Eir a ), - 2{X L X R ){u R M) 1 + (A L D R 0)4 7 - \{Y^ 5 d^ m ]K\ 

Mi a = -K%[(E a + T a X R y + 2(X L X R )(Mu L y + (X R D L <f>)d^ - X^/di^} (4.41) 
Projecting (4.10), (4.12) with (1 - K), one has 

s 2 d T R/L = = s 2 u R/L (4.42) 

Moreover 

s 2 4« = ~(X R Xl)(E- R + S L (LO R M)) y K\ 



^ 2 di a = -(X R X L )K%(E +L - ~s R (Muj L )f (4.43) 

The right hand sides of (4.43) vanish on shell if E tR /l satisfy the field equations (4.11). It 
follows from (4.42), (4.43) that now s is nilpotent acting on any field or ghost. 
Derivation of the Action 
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In this formalism the strategy to derive the pure spinor action is similar to [8]. Add to the 
Green-Schwarz action a new K-dependent term 1^ such that Iqs + I(k) is BRST invariant. 
Then add the "gauge fixing" term I g f = s J F to cancel the dependence on K in the total 
action. The "gauge fermion" F is a local functional with n gh — — 1. Since s is always nilpotent, 
Igf is automatically BRS invariant. 

A possible choice of I(k) is 

V) = -J[(d R KE +L ) - (E^ R Kd L )} - J (d R KMKd L ) - 2 J (X L X R )(u R M R KM L u L ) (4.44) 
Indeed 

s[(d R KE +L )-(E_ R Kd L )} = [(A i £!r a £ +i )+(A fl ^r fl K fl )]-2(A L A R )[( Wfl M^ +i )-(£_ fl » t )] 

+ [(d R KME a + T a X R ) - {\ L V a E a _MKd L )\ 

s(d R KMKd L ) = -[(^M^r^Aj-lAHr^^MKdijl^lAiAflJll^MKM^d^+lrf^MKM^)] 
and 

2~s[{\ L \ R ){u R MKMu L )\ = -2{\ L \ R )[{u R MKM{\ - K)d L ) + (d R (l - K)MKMu L )} 
+2(\ L \ R )e*[u R (\ a L C La )KMu L ) + (u R MK(X%C m )u L )] 

so that 

sI GF + sI {K) = 0. 

modulo the field equations (4.32). 
Then choosing 

hf = s J [(d R KMu L ) - (u R MKd L )] - s J i(u R E +L ) + (E_ R u L )] 



2 

one can verify that the total action 

I = lGS + I(K) + Igf 

reproduces the pure spinor action (4.31). 



\s J[(s R -s L )(u R Mu L )\ (4.45) 
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5 Conclusion 



To summarize, in this paper, generalizing the method of Extended Differential Algebra, pro- 
posed in [12], we have shown that it is possible to start from a geometrical formulation of 
Type IIA supergravity (rheonomic parametrization of torsions and curvatures) and derive the 
standard pure spinor constraints, the nilpotency of the BRST charge, and the BRST invari- 
ant action of the pure spinor superstrings formulation. The pure spinor constraints follow from 
the requirement that the ghosts A a , related to the vector-like supervielbeins, vanish (similar 
to the superembedding constraint) together with the mild assumption that (A^A^) does not 
generically vanish. 

In a sense this reverses the pattern followed in [7] where, starting from the nilpotency of the 
BRST charge and the most general BRST invariant action (or, equivalently, the holomorphicity 
properties of the BRST currents), a consistent set of on shell supergravity constraints is derived. 

The results that we obtain are equivalent to those of [7] modulo the different choice of 
the supergravity constraints. However, the supergravity constraints from which we start (and 
the superfields which appear in the final action) differ from those derived in [7] at most by a 
redefinition of supervielbeins, superconnections, gauge superforms and the dilaton. The fact 
that in [7] the structure group is very large (it involves three independent local Lorentz groups, 
for vector, left-handed and right-handed spinors and two independent local Weyl groups for 
left-handed and right-handed spinors) should not deceive. Indeed, as shown in [7], this large 
gauge symmetry must be gauge fixed and reduced to a single local Lorentz invariance in order 
to cancel some spurious superfields in torsion components. However the form of the left-handed 
and right-handed Lorentz and (gauge fixed) Weyl connections remain different and this is also 
an a posteriori result of our approach ( see (4.20) and (4.21)). 

The pure spinor action has been derived in two ways. In particular the second derivation is a 
generalization to the case of IIA superstring of a procedure first proposed in [8] for the heterotic 
string. An advantage of this method is that, once the Green-Schwarz action is modified by the 
addition of suitable K-dependent terms in order to promote its k-symmetry to a pure-spinor 
BRS symmetry, the remaining step to get the pure spinor action is a standard BRS-like gauge 
fixing procedure i.e. the addition of a BRS exact , local action. 

The rheonomic parametrization that we have adopted in this paper is that considered in 
[12]. However, since all the consistent parametrizations are equivalent (in the sense specified 
above) it is quite evident that the procedure described in this paper can be used starting with 
any consistent rheonomic parametrization. 
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Appendix. Computation of I^y + 

In this Appendix we study the integrals iff and 1^ defined in (4.26) and (4.27) and show that 
the contributions of these integrals that violate the w-gauge invariance cancel each other. 
To compute iff let us consider the left-handed and right-handed BRS variations of eqs.(3.39) 

s R s L P^ = X L a X R S AgC La ^ (A.l) 

s L s R P& = X L a X R 5 A a C R p (A.2) 

It follows from (3.40) that AgC La ^ and A a Cj^^ are LW-valued with respect to a, /3 and <5, 7 
respectively, so that we can write 

\ J e*u Ra (Cs R ~s L Pnu L& ) = J e^ R ,\ L ^ L ^J[C L J^ + Z L J^} (A.3) 

and 

\ J JuUHsrF*)^) = I ^V^/ + (A.4) 

where C L , Ra g^ are LW-valued both in the indices a, (3 and 5, 7 whereas ^ La ^ is the contribu- 
tion which is LW-valued in a, (3 but not in <5, 7, the latter being proportional to (r aftcd )^. On 
the other hand z, Ra $^ is LW-valued in <5, 7 but not in a,j3 which is proportional to {Y abcd ) P. 
Therefore 

1$ = \j e+URoiisRSL - s L s R )P a& )u L& 
= J ^^[(7/ + (S^ - S^)] (A.5) 



where 



Cj* = C L J~< - C Ra ^ = U aa ^(A [T A f] P^)U & r (A.6) 



Tlaa^ and being the projectors that project on the well-behaved components of superfields 
YJ 3 and Yf respectively. C a ^ are LW-valued both in a, [5 and 5, 7. 
To compute S R / L let us consider, instead of (A.5), the integral 

l - J e^ Ra ((~s R s L + ~s L ~s R )P a& )uj L& = J e^\ L a u L ^\ R S [C L J^ + C R J^ 

+(Z R J" + 3^)] = - / e^X L a u L ,xJ[R a s/P^ + R^Pf*] (A.7) 
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where the last equality follows taking into account the action of s 2 on Lorentz valued fields 
(see (3.11)). By performing in (A. 7) a gauge transformation of ui^ i.e. by replacing oujyy with 
A c (Ai?r c )^, only El survives and is determined unambiguosly from the last identity in (A. 7 ). 
The same can be repeated for E R by replaciung u R p with A c (AiT c ),3- 
Then to compute 1^ let us write 

.(e) _ .(el) T (e2) 



where 

1 l 

Igf ] = ^ J ^(sRSLURa + (s R S L (f))uj Ra )P aa UJ L a = Xl^URjXrULjX^ 



I^f = \J e*{u Ra P a& {s L ~s R uj L& + {s L ~s R <t>)u L& )) = \ L ^ Rl \ R h u L ^X {R) ^ (A.8) 

It follows from (4.9) that is LW-valued in 7 and X^ is LW-valued in 5,7 so that we 
can write 

V .77 — n .77 i \Xt .77 
^L/R/35 ~ L/R/35 ^ ^L/R/35 

and 

J S = l{ 9 f - 1{ 9 ? = a* w*W<V* + ^ R ,r - * Lf a*) (a.9) 

where C = Cl — C r is LW-valued both in /3, 7 and in <5, 7 and ^j^ 77 ( ^r^ 77 ) is LW-valued 

in (/3,7) but not in (5, 7) ( in (<5, 7) but not in 7) ). Since s_rw_r = = sl^l, and 
can be rewritten as 

1 /" 

J ^ 1} = 2 J e<t> ^ R * L + §l§ r) u R<* + ( 5 fl 5 £0) w fla]-P aa w £a 
= I e^A^u^A^^/P^ + {s R s L (f>)u Ra P a& u L6 \ (A.IO) 
1 /" 

} = 2 7 e ^R« paa [( 5 ^ + 5 i?5 L )w L(i ) + (s R s L (f))uj L& } 

= I e% L a u m \ R s u^R a ^P^ + U Ra P a& (~S L ~SR<P)0OLa} (A.11) 
Now, instead of 7^ — -fg/ 2 \ let us consider + . 



.(el) ,(62) 
J 9/ 2 



\ J ^[({srSl + s L s R )u Ra )P aa u L& + {u Ra P aa (s L s R + s L s R )u L& ) 
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so that 



1^ + $° = J e*\ L a u R ,\ R «u L 4R aS /P^ + R a ^P^\ (A. 12) 

From this equation one can compute ^ r/lps 1 *' following the same argument used before to 
compute 'E R i LI3 f l ~ f . Comparing the right hand sides of (A. 7) and (A. 12) one finally concludes 
that 



\Tj .77 _ _^ .77 

^R/L/38 ~ ^R/LfSS 



so that 



7 i/ + $ = -\j e*\ L ?u Rl \ R *u L ^C^ + C^) (A.13) 
Moreover, from (A. 10), (A. 11) and taking into account (2.26) it follows that 

= e^S°\R c ,;ps* - R^P T ' + (T C PT C UP^]U^ (A.14) 
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